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Abstract—We review our recent work on poly(dimethylsiloxane)
(PDMS)-based optofluidic dye lasers using a guided wave dis-
tributed feedback (DFB) cavity. We show experimental results of
single-mode operation, an integrated laser array, multiple color
dye lasing, mechanical and fluidic tuning, and monolithic integra-
tion with microfluidic circuits. Potential applications and future
directions are discussed.
Index Terms—Distributed feedback (DFB) lasers, dye lasers,
lab-on-a-chip, microfluidic integration, optofluidics, single-mode
lasers, tunable lasers.
I. INTRODUCTION
THE motivation for building liquid dye lasers on a microflu-idic chip is straightforward: with an on-chip widely tunable
laser source, many fluorescence and spectroscopy-based tech-
niques can be fully integrated with microfluidics to build lab-
on-a-chip systems. The emergence of microfluidics has made it
possible to realize a variety of optical functionalities using the
fluidic platform [1]. A miniature dye laser is one of the most
important examples of such optofluidic devices, in which the
integration of microfluidics with the adaptive nature of liquids
enables unique performance that is not obtainable within solid
state materials. The dye lasers that will be described in this pa-
per are implemented with soft lithography techniques [2], [3].
In particular, we have used the poly(dimethylsiloxane) (PDMS)
silicone elastomer, even though any other optically transpar-
ent soft elastomer can also be used. Using replica molding soft
lithography, microfluidic chips can now be routinely made of
PDMS in less than a few hours once the master mold is at hand.
The mask design and mold fabrication can also be quickly done
and the resulting mold can be used multiple times. In addition,
with multilayer soft lithography, active pressure-driven mechan-
ical microvalves and pumps can be made using a double-layer
crossed-channel architecture [3]. Such valves and pumps enable
very high degree of microfluidic automation [4] and large-scale
integration [5], making on-chip picoliter-scale liquid handling
fast and accurate.
In the past few years, several groups have demonstrated on-
chip liquid dye lasers [6]–[8], [13]. Here, we will focus on
our demonstration of an optofluidic distributed feedback (DFB)
dye laser that permits single-mode operation and wide tunabil-
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Fig. 1. Schematic diagram of the monolithic optofluidic DFB dye laser.
ity [9], [10]. The paper is organized as follows: Section II de-
scribes a single-mode optofluidic DFB dye laser on a mono-
lithic PDMS chip, including the cavity design, the fabrication,
and the experimental results. Section III presents the mechani-
cal wavelength tuning method of such lasers exploring the soft
elastomer nature of PDMS. Section IV discusses the automated
fluidic tuning of the laser wavelength and the integration with
microfluidic circuits. Section V gives the experimental results
of an integrated DFB dye laser array and its potential applica-
tions. Section VI points out some future directions. Section VII
summarizes the paper.
II. SINGLE-MODE OPTOFLUIDIC DFB DYE LASER ON A
MONOLITHIC PDMS CHIP
A. Laser Chip Design
After the first demonstration of a DFB dye laser at Bell Labs
in 1971 [11], DFB structures were quickly adopted by the semi-
conductor laser community [12]. One reason is that the DFB
structure is very efficient for making stable single-frequency
lasers, which are important for long-distance communication
applications. The other is that the DFB structure is amenable to
planar semiconductor processing techniques. Now, with the de-
velopment in soft lithography, very similar structures to that of a
guided-wave DFB semiconductor laser can be built on a PDMS
microfluidic chip with liquid dye gain medium [9]. As shown
in Fig. 1, a sufficiently small microfluidic channel when filled
with a dye solution of higher refractive index than that of PDMS
(nPDMS = 1.406 for GE RTV 615) acts as a single-mode optical
waveguide. The gain medium is a dye solution in an organic sol-
vent mixture with higher refractive index. The periodic PDMS
posts inside the channel form a Bragg grating that provides the
1077-260X/$25.00 © 2007 IEEE
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optical feedback necessary for the laser action. In addition, an
effective π/2 phase shift is introduced at the center of the grating
to ensure single-frequency operation [14]. The PDMS posts also
provide support for the microfluidic channel to prevent it from
collapsing. Nanosecond pulses from a Q-switched Nd:YAG
laser are focused onto the channel to pump the dye molecules.
The laser light is emitted from the edge of the channel.
Such microfabricated dye lasers retain the advantages of con-
ventional dye lasers such as wide wavelength tunability, narrow
linewidth, and the ability to generate ultrashort pulses [15]. But
probably, the most important feature is its capability of inte-
gration with PDMS-based microfluidics, which allows us to
build not only fully functional lab-on-a-chip systems such as
biosensors and spectrometers on a chip, but also novel adaptive
optofluidic dye laser systems in which the laser parameters such
as wavelength, spatial mode, and temporal features are fluidi-
cally modified. In addition, such microfabricated lasers consume
only picoliter-scale dye solutions while the low fabrication cost
makes disposable devices possible. The remaining open issue
for making fully integrated devices is the integration of the op-
tical pump onto the same chip. The key feature that will allow
us to do this is a reduction in the lasing threshold, which will be
discussed later in this paper.
B. Longitudinal Mode Selection
A DFB structure uses a Bragg grating, which is a spatially
periodic modulation of refractive index (or gain). When the
following Bragg condition is satisfied
mλ = 2neﬀΛ (1)
where λ is the mth-order resonant wavelength, neﬀ is the effec-
tive index of the guided mode, and Λ is the grating period, which
means the round trip optical path of one grating period equals in-
tegral multiples of the wavelength, and all the reflections from
the unit cells will add up in phase. Compared with ordinary
Fabry–Perot lasers, DFB lasers offer a much better wavelength
stability. Normally, a DFB laser uses a first-order Bragg grating
for efficiency and compactness of the device. However, fab-
rication of subwavelength gratings and small channels in soft
materials such as PDMS represents a technical challenge be-
cause small channels tend to collapse more easily when the
aspect ratio (the ratio of channel height to width) is small, and
small grating features tend to contact each other when the aspect
ratio is large [2]. Therefore, our initial efforts focused on higher
order DFB structures. In order to achieve single longitudinal-
mode operation, the free spectral range (FSR) of the optical
cavity must be larger than the gain spectral width of the laser
medium. The FSR of a DFB structure is given by
FSR = λ2/2ngΛ (2)
where ng is the group index of the mode. Given the gain band-
width of the dye medium is typically about 30 nm, the grating
period needs to be smaller than 4 µm when the refractive index
is about 1.4, which is a typical value for liquids. In addition,
if the shape of the grating is a square-wave with 50% duty cy-
cle, all the even-order resonances will disappear. Thus, a 4-µm
period Bragg grating can have an effective FSR of ∼60 nm.
Fig. 2. Simulated reflectivity spectrum of a 15 π/2 phase-shifted 15th-order
DFB structure. The curve spanning from 550 to 650 nm is the gain spectrum
of Rhodamine 6G. The inset shows the enlarged plot of the 15th resonance at
563 nm.
If the grating period is 3 µm, the corresponding Bragg order
is 15 at 563 nm. Fig. 2 shows the simulated reflectivity spectrum
using Rouard’s method [16]. The index difference between the
core and the cladding is 0.003. The core size is 2 µm× 5 µm.
These waveguide parameters are chosen to ensure single trans-
verse mode as discussed later in Section II-C. Also shown in
Fig. 2 is the gain spectrum of the Rhodamine 6G (Rh6G) dye
molecule. As can be seen, there is only one resonance under
the whole gain spectrum. However, it is well known that for a
DFB laser with a uniform grating, there are two degenerate las-
ing modes with comparable thresholds. One way to solve this
problem is to introduce a π/2 phase slip at the center of the
grating to break this degeneracy [14]. In our case, we introduce
a 15 π/2 phase shift, which is compatible with the 15th-order
grating structure and the fabrication method. Also, from this
spectrum, we can see this structure has three resonances in the
visible region, which means if we use different dyes we can
achieve different color lasing from the same cavity. We show in
Section III the experimental results of yellow and red lasing on
the same chip using two dye solutions, Rh6G and Rhodamine
101 (Rh101) in a mixture of methanol and ethylene glycol. This
is a useful feature, which, we believe, has not been explored in
semiconductor DFB lasers, since the gain spectrum of a single
semiconductor material is limited. However, with dye lasers we
can easily move across the whole visible region by changing
dye molecules. This is a highly desired feature for applications
where multiwavelength laser sources are needed such as mul-
ticolor flow cytometry [17] or fluorescence resonance energy
transfer (FRET) with multiple donors and acceptors. With a
mixture of several dye molecules, simultaneous multiple-color
lasing is also possible. However, compared with the first-order
DFB structure, higher order DFB cavities are less efficient in
terms of light confinement because the coupling coefficient is
inversely proportional to the order of the grating [18]. More-
over, out-of-plane radiation due to lower order scattering in-
creases the cavity loss [19]. This can be compensated to some
degree by increasing the cavity length to provide strong-enough
feedback.
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TABLE I
REFRACTIVE INDICES OF PDMS-COMPATIBLE SOLVENTS
Fig. 3. Optical micrograph of a microfluidic channel with a 15th-order DFB
structure on a PDMS chip. The grating period is 3 µm.
C. Transverse-Mode Selection
To make a single-mode laser, the transverse-mode control
must also be considered. The number of transverse modes is de-
termined by the index contrast between the waveguide core and
the cladding and the size of the core. We choose the waveguide to
be 5-µm wide and 2-µm high. The reasons for this are twofold:
first, the waveguide dimensions are relatively small, yet still eas-
ily achievable by photolithography; second, the 2:5 aspect ratio
is large enough so that the PDMS channel will not collapse. For a
channel waveguide with a 2 µm× 5 µm core, finite-element sim-
ulation (FEMLAB 3.2, Comsol) shows that the index difference
needs to be smaller than 0.003 to maintain single mode. Given
the index of PDMS (1.406 for GE RTV 615), this means the in-
dex of the dye solution has to be smaller than 1.409. This can be
specified by mixing two different organic solvents. The choice of
solvents is limited due to the swelling problem of PDMS in most
organic solvents [20]. The PDMS-compatible solvents which are
also used in conventional dye lasers include: ethanol, methanol,
water, ethylene glycol, and dimethylsulfoxide (DMSO), the re-
fractive indices of which are listed in Table I. We used a mixture
of methanol and ethylene glycol, which has a refractive index
of 1.409. The available refractive index range with the listed
solvents is from 1.33 to 1.478, which can lead to a quite a large
tuning range when used in fluidically-tunable optical devices.
D. Fabrication and Experimental Results
Fig. 3 shows an optical micrograph of the fabricated PDMS
DFB laser cavity. We started the fabrication by making a pat-
terned photoresist mold on a silicon wafer using conventional
Fig. 4. Experimental setup used for characterizing the optofluidic DFB dye
laser.
photolithography. SU8-2002 negative photoresist (MicroChem)
was spin-coated at 3000 r/min for 30 s on a silicon wafer
yielding a thickness of ∼2 µm. The photoresist was then pat-
terned with a Cr-on-glass mask on a SUSS MJB 3 mask aligner
(13 s at 4.5 mW/cm2). The soft bake, postexposure bake, and
development of SU8 followed the manufacturer’s instructions.
Then, GE RTV 615 prepolymer at a ratio of 5:1 part A:B was
poured onto the mold and degassed in a vacuum chamber for
30 min. The prepolymer was baked in an 80 ◦C oven for 30
min. The partially cured PDMS was peeled from the mold and
the access ports were punched through the whole layer by using
a 0.055-in punch (Technical Innovations, Gaithersburg, MD).
This patterned PDMS, containing the laser structure, was then
treated with oxygen plasma for 10 s at 80 W and bonded to an-
other featureless PDMS to form a permanent monolithic device.
Finally, the resulting device was baked at 80 ◦C overnight.
The experimental setup is shown in Fig. 4. The laser chip
was optically pumped with 6-ns frequency-doubled Q-switched
Nd:YAG laser pulses of 532-nm wavelength, focused by a
cylindrical lens of 10-cm focal length to a∼100-µm wide stripe
covering the whole microfluidic channel. A 10×microscope
objective was used to collect the emission light from one edge
of the chip and deliver it to a fiber-coupled high-resolution
spectrometer with 0.1-nm resolution (Ocean Optics HR4000).
The 1-mM Rh6G dye solution was pressure driven into the
microfluidic channel by applying 10 psi pressure at the inlet
port. A typical single-mode lasing spectrum is shown in Fig. 5.
The broad curve is the spontaneous emission spectrum below
the threshold. Above the threshold, the emission spectrum
collapsed to a sharp line centered at 570 nm, very close to the
predicted value 570.3 nm for the grating period 3.04 µm. The
measured linewidth is less than 0.1 nm, which is the resolution
limited by the spectrometer. A plot of laser output energy versus
the absorbed pump energy is shown as the inset of Fig. 5. The
threshold pump fluence is estimated to be ∼ 0.8 mJ/cm2 taking
into account the dye absorption, dye layer thickness, interface
reflections, and the total pump area, which gives a peak pump
intensity around 150 kW/cm2. The laser remains single mode at
pump levels as high as 8 mJ/cm2. Further increase in the pump
Authorized licensed use limited to: IEEE Xplore. Downloaded on November 12, 2008 at 12:06 from IEEE Xplore.  Restrictions apply.
188 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 13, NO. 2, MARCH/APRIL 2007
Fig. 5. Optofluidic DFB dye laser spectrum. The measured linewidth is
<0.1 nm. The inset shows the output energy versus the absorbed pump en-
ergy curve. The threshold pump fluence is ∼0.8 mJ/cm2.
power damaged the PDMS chip. At moderate pump intensities
(∼200 kW/cm2) and 10-Hz repetition rate, stable laser output
lasted longer than 20 min and the chip can be reused many times
after cleaning with ethanol. The linear flow rate at the center
of the channel can reach 1 mm/s at reasonable pressure (10–30
psi). Considering the typical photobleaching time of Rh6G is
∼50 ms under pump intensities required for laser threshold
(∼100 kW/cm2) [21], this flow rate is fast enough to prevent
the majority of the dye molecules from photobleaching under
pulse operation up to 500 kHz. However, the dye molecules
near the channel wall move at very low velocities due to the
parabolic profile of the flow rate. Therefore, they tend to get
bleached before moving out of the pump region. This problem
can be solved by using a liquid core/liquid cladding waveguide
structure in which the dye solution is surrounded by a low
refractive index sheath flow [22]. In this way, not only the
dye solution is moving at a more uniform speed, but also
the channel dimensions can be large enough to enable higher
flow rate.
We have measured laser output energy >1 pJ per pulse with-
out damaging the chip. Assuming a 10-ns pulse width, this
corresponds to an average power of ∼100 µW per pulse and an
average intensity of ∼1 kW/cm2. This intensity is high enough
for many fluorescence and even spectroscopy applications. In
addition, the current device is not designed for high power out-
put. If higher power is desired, the transverse waveguide dimen-
sions can be increased and a more efficient pump geometry can
be used.
III. ELASTIC TUNING OF LASING WAVELENGTH
The most attractive feature of dye lasers is their wide tunabil-
ity. Therefore, it is natural to study the various tuning methods
of the optofluidic DFB dye laser. The lasing wavelength of a
DFB laser can be tuned by changing either neﬀ ,Λ, or m as has
been demonstrated in conventional dye lasers [23]. In this sec-
tion, we first discuss a very simple way to change the grating
period Λ [10].
The fact that PDMS is an optically transparent (300–800 nm)
soft elastomer has been explored to make adaptive optical ele-
ments, or the so-called elstomeric optics in which the stretching,
compressing, and bending of the elastomeric material modu-
lates the optical properties such as the period of a diffraction
grating, the focal length of a lens, and the curvature of a mir-
ror [24]. The advantages of using PDMS include: 1) it can be
deformed under small forces due to its very low Young’s mod-
ulus (∼750 kPa) [25]; 2) its elastomeric property makes the
deformation reversible and repeatable without permanent dis-
tortion; 3) it can be molded at a subwavelength scale and with
optically smooth surfaces; 4) it is biocompatible and microflu-
idics compatible; and 5) the material and fabrication cost is low.
In the context of PDMS optofluidic DFB dye lasers, the Bragg
grating period can be tuned by simply stretching or compressing
the chip along the waveguide direction since the laser cavity is
made of a liquid medium within an elastomer container. The
wavelength tuning range of a DFB laser is proportional to the
fractional change in the grating period, dλ/λ = dΛ/Λ. Given
that the allowed elongation of PDMS is >120% [26], the wave-
length tuning range is only limited by the gain bandwidth of the
specific dye. By combining mechanical tuning and switching
between two different dye solutions, we have demonstrated a
nearly 60-nm single-mode tuning range from yellow to red.
The wavelength tuning experiments were carried out using
the same laser chip as in Section II. The PDMS chip was glued
to two micrometer stages with the laser region suspended in the
center. One of the stages is a high-resolution micrometer with
1-µm sensitivity which provides accurate control and quantita-
tive measurement of the deformation of the elastomer chip. The
mechanical stages allow us to both stretch and compress the
chip along the channel direction, although the allowed shrink-
age of RTV 615 is very limited [26]. The results of mechanical
cavity tuning are summarized in Fig. 6. The single-mode tuning
range for Rh6G covers a range from 565 to 594 nm, whereas for
Rh101, the tuning range extends from 613 to 638 nm. A linear re-
lationship between the lasing wavelength and the chip deforma-
tion was also observed, indicating complete elastic extension of
the cavity. When the length of the central suspended region is 1
cm, the total chip deformation required to traverse the previously
mentioned tuning ranges are about 500 µm for Rh6G and 400
µm for Rh101. These macroscopic deformations correspond to
28-nm- and 25-nm distortions of the grating period, respectively.
Only∼5% deformation was used to achieve the∼60-nm tuning
range demonstrated in this experiment, and we believe that an
even wider tuning range from 550 to 650 nm is obtainable with
improved cavity design and a more uniform mechanical loading.
The tuning is continuous and completely reversible, and no no-
ticeable degradation of the chip was observed during a 100-cycle
full range tuning test. Throughout the tuning range, stable single-
mode operation was maintained with measured linewidth below
0.1 nm, which is the resolution limited by our spectrometer. As
expected, we observed the decrease of laser output power as the
lasing wavelength moved away from the gain spectrum peak in
either direction. The deformation along the channel also causes
its transverse dimensions to change, which changes the effective
index of the guided mode. However, given that the Poisson’s ra-
tio of PDMS is ∼0.5, the estimated effective index change is
only about 1.5× 10−5 and its effect on the lasing wavelength is
negligible.
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Fig. 6. Upper: Normalized laser output of the mechanically-tunable optoflu-
idic DFB dye laser. Different peaks correspond to different grating periods.
The measured laser linewidth is less than 0.1 nm throughout the tuning range.
Lower: Lasing wavelength versus the measured chip deformation. The points
are the experimental data and the curve is the linear fit. The achieved single-
mode tuning range for Rh6G is from 565 to 594 nm and is from 613 to 638 nm
for Rh101.
In some cases, the transverse loading geometry may be more
preferred, in which case the deformation force is applied trans-
verse to the channel. Since PDMS is almost a perfectly in-
compressible material with Poisson’s ratio ∼0.5, the transverse
strain can be efficiently translated to longitudinal strain. We
have also implemented elastic tuning using a transverse load
and achieved a ∼10-nm tuning range for each dye mentioned
earlier.
IV. FLUIDIC TUNING OF LASING WAVELENGTH
The microfluidics compatibility of the laser chip suggests
another wavelength tuning mechanism. The refractive index of
the dye solution can be tuned by mixing two solvents with
different refractive indices. For example, using methanol and
DMSO, the achievable refractive index change can be as large as
0.148 (1.33 for methanol versus 1.478 for DMSO). Furthermore,
as demonstrated earlier, different dye molecules can be used to
cover an even larger spectral range. The mixing, switching,
and transport of dye solutions can all be implemented on a
silicone elastomer chip using the recently developed mechanical
microvalves and pumps [3].
Fig. 7. Lasing spectrum of the optofluidic DFB dye laser with high index
contrast between the liquid core and the PDMS cladding. The waveguide di-
mensions are 2 µm× 5 µm. The grating period is 3 µm. The refractive index
of the Rh6G dye solution is 1.478. More than 20 lasing modes were observed.
The inset shows four simulated TE-like transverse-mode profiles.
Fig. 8. Fluidic tuning of a 5th-order DFB dye laser with waveguide dimension
250 nm× 880 nm. The inset shows an SEM of the silicon mold. The grating
period is 1 µm.
However, in the design discussed in Section II, the relatively
large dimensions of the waveguide cause multiple transverse-
mode operation when the index contrast is increased to above
0.003. Fig. 7 shows a measured lasing spectrum when a high re-
fractive index dye solution is used. In this case, the gain medium
is a solution of 2-mM Rh6G in DMSO, which has a refractive
index of 1.478. In this experiment, the waveguide dimensions
were 2 µm× 5 µm and the grating period was 3 µm. More than
20 lasing lines were observed in the spectrum. Finite-element
analysis shows the waveguide supports totally 48 transverse
modes. The measured longest lasing wavelength was 587 nm,
close to the predicted 588 nm for the lowest TE00 mode, which
had moved by∼25 nm to longer wavelength compared with the
case when the core index is 1.409.
To avoid multiple transverse-mode operation during fluidic
tuning, a smaller channel has to be used. We have fabricated a
waveguide of transverse dimensions 250 nm× 880 nm with an
embedded 5th-order Bragg grating. The inset of Fig. 8 shows a
scanning electron micrograph (SEM) of the master mold, which
was a patterned silicon wafer fabricated using electron beam
lithography and reactive ion etching (RIE). This waveguide
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Fig. 9. Integration of a high-resolution microfluidic dispenser and a rotary
mixer with DFB dye lasers. Left: Different stages of the microfluidic mixing. A.
The rotary mixer is filled with orange dye solution; B. An accurate amount of
green dye solution is delivered into the mixer; C. The pneumatic pump mixes
the two solutions. Right: Optical micrograph of a monolithic PDMS device in
which a microfluidic mixing circuit is integrated with an array of optofluidic
DFB dye lasers.
remains single mode throughout the index range from 1.406
to 1.478, which gives a predicted 2.23-nm single-mode tuning
range. The experimental lasing results matched the theoretical
values almost exactly as shown in Fig. 8.
The small tuning range is due to the small depth of the waveg-
uide. The size of the guided mode is about 0.6 µm× 1 µm,
which is considerably larger than the size of the waveguide
core. Therefore, even a relatively large index change in the core
results in only a small change in the effective index. The opti-
mized waveguide geometry for large single-mode tuning range
will be considered in a future work. Although this range is small
compared to that of elastic tuning and the available gain band-
width, better waveguide design and techniques such as Vernier
effect [27] can be used to fully utilize the wide gain bandwidth
of dye molecules.
A fully integrated microfluidic tunable DFB dye laser based
on multilayer soft lithography is obtained by integrating a mi-
crofluidic mixing circuit with the dye laser cavity. Fig. 9 shows
an automated high-resolution microfluidic dispenser and a ro-
tary mixer integrated with an array of 5th-order DFB dye lasers.
The upper green channels (dead-ended channels) are the control
lines and the bottom orange layer is the fluid layer. The detailed
operation of the dispenser and the mixer can be found in [4].
Accurate amount of two different dye solutions can be delivered
into the mixer and these then get mixed uniformly before enter-
ing the laser cavities. All these manipulations can be computer
controlled through a PCI card connected to a solenoid pressure
valve array whose valves are connected to the control lines on
the chip.
The fluidically-tunable DFB dye laser can also be used as a
sensor to detect small refractive index or absorption changes in
the liquid gain medium due to the presence of small amounts
of certain analytes. The fluidic tuning can be also used to build
tunable filters for fluorescence detection and spectroscopy ap-
plications. In many cases, fluidic tuning is preferred over solid-
state-material-based methods due to its reconfigurable nature,
higher index contrast dn/n, thermal stabilization, self-healing,
optically smooth interfaces, ability to introduce active optical
Fig. 10. Left: Optical micrograph of an integrated array of five optofluidic
DFB dye lasers. The grating period of each laser is given on the left. Right:
Normalized laser output of the array using Rh6G dye solution as the gain
medium.
elements such as dyes, metal nanoparticles, and quantum dots,
ability to generate gradients in optical properties, and the in-
trinsic compatibility with liquid-phase biological and chemical
reactions [1].
V. INTEGRATED LASER ARRAYS
We have also fabricated an array of five DFB dye lasers on a
single PDMS chip. Fig. 10 shows the array lasing results using a
Rh6G dye solution. Each laser was pumped individually and the
combined lasing spectrum was shown in Fig. 10. Laser output
spanning a ∼15-nm range was achieved with different grating
periods. The low pump threshold (<1µJ) of each optofluidic
DFB dye laser makes it possible to use a single high-energy
pulsed laser to pump hundreds of such lasers on a chip. This
opens up the possibility of building highly parallel multiplexed
biosensors on a chip ranging from applications as multiple-color
flow cytometers and surface plasmon resonance (SPR)-based
sensors to Raman spectroscopy sources and compact excita-
tion spectroscopy systems. The introduction of replica-molded
multispectral sources in PDMS fluidic systems also provides
an alternative to tunable lasers for constructing compact and
inexpensive multiwavelength scanning-less spectrometers inte-
grated in microfluidic devices [28]. The low pump threshold also
enables the use of visible semiconductor laser diodes or even
high-power light-emitting diodes (LEDs) as the pump sources
to construct low-cost and compact portable spectrometers.
A unique feature of soft lithography is the capability to bond
multiple-patterned thin films of elastomer to build multilayer
structures. Typically, a thick layer with the top structure is pre-
pared as previously described. Each following thin layer of
PDMS is spin-coated onto the mold with a typical thickness
of ∼30 µm and baked at 80 ◦C for 20 min. The growing thick
layer is then assembled onto each new thin layer and bonded
by oxygen plasma treatment and baking at 80 ◦C for 20 min.
Seven-layer devices have been reported and no obvious limita-
tions exist to limit the number of layers [3]. We have used this
method to fabricate a three-layer DFB laser device with 10 lasers
in each layer. Fig. 11 shows the optical microscope image of a
two-layer DFB laser array. The slight misalignment between the
two layers was deliberately introduced to make more efficient
use of the total pump area. With multilayer devices, each layer
can perform different functions so that the integration level and
the compactness of the device can be greatly improved.
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Fig. 11. Vertical stacking of optofluidic DFB laser arrays using multilayer soft
lithography. Left: Upper laser array is in focus. Right: Bottom laser array is in
focus.
VI. FUTURE DIRECTIONS
Even though some impressive lasing features, such as single-
mode operation, narrow linewidth and wide tunability, have
been obtained, optofluidic dye laser research is still at its very
early stage. In order for this technique to have an impact on
the lab-on-a-chip systems, we believe the most important next
step is to integrate the optical pump source onto the same laser
chip. At present, due to the small gain volume, the required
pump threshold intensity (∼100 kW/cm2) is within the reach
of commercially available high-power laser diodes. However,
further improvement in pump efficiency can be achieved by in-
troducing resonant structures at the pump wavelength or adapt-
ing a dual-core longitudinal pump geometry widely used in
fiber lasers [29]. This may eventually lead to high-power LED
pumped optofluidic dye lasers.
Another interesting direction is to implement other laser cav-
ity structures beyond the currently demonstrated Fabry–Perot
and DFB types onto the microfluidic platform, such as whisper-
ing gallery mode (WGM) resonators including microdisks [30],
microrings [31], microtoroids [32], and microspheres [33], an-
nular Bragg reflector (ABR) cavities [34], and photonic crystal-
based cavities [35]. Moreover, in addition to provide novel laser
cavity structures, the capability of building such liquid-core op-
tical microcavities has implications in both fundamental study
and practical applications. For example, such optofluidic mi-
crocavities should enable the study of cavity quantum electro-
dynamics (QED) effects, such as spontaneous emission engi-
neering, thresholdless lasing, and single-photon sources, in a
more controlled and reconfigurable manner, which, currently,
is not available through solid state materials [36]–[38]. High Q
and small-volume optofluidic microcavites are also ideal struc-
tures for single-molecule biological and chemical sensing. To
demonstrate the feasibility of this direction, we show optofluidic
microring lasing results obtained while we were working on the
microfluidic tuning of DFB dye lasers. Recall that the microflu-
idic circuits we used to fluidically tune the lasing wavelength
include a ring-shaped fluidic mixer, as shown in Figs. 9 and 12.
When the pump light was focused on a small portion of the ring,
Fig. 12. Optofluidic microring dye laser. Left: A liquid core microring res-
onator initially used as a microfluidic mixer. The ring radius is 1 mm and the
channel width is 80 µm. The shaded area inside the dashed box is the area that
is under pump light. Right: A typical lasing spectrum of the ring dye laser.
shaded area in Fig. 12, we observed a clear multimode lasing
spectrum. Lasing only occurred at the long-wavelength tail of
the gain spectrum because only a small portion of the ring was
pumped and the large self-absorption along the ring prevented
lasing in the short-wavelength region. This structure can be used
as a biosensor without any modification, in which the analytes
are either functionally attached to the channel wall or simply
delivered into the liquid flow and the shift in lasing wavelength
is detected.
In general, the experiences and lessons from the conventional
dye laser [15] and semiconductor laser communities [39] pro-
vide good guidelines for the future development of optofluidic
dye lasers. For example, the development of the high-speed
dye jet enabled stable continuous-wave (CW) dye laser opera-
tion [40]. A similar device on a microfuidic chip may be needed
for CW optofluidic dye lasers. Also, we should look at the
various Q-switching and mode-locking methods used in con-
ventional ultrashort pulse dye lasers and consider their possible
implementations on a microfluidic platform. For one, the pre-
viously shown ring-resonator geometry is a good candidate for
passive-mode locking when a suitable saturable absorber dye is
introduced at the proper location on the ring.
In order to show the full potential of optofluidic dye lasers,
the demonstration of a complete lab-on-a-chip system integrated
with an on-chip liquid dye laser is essential. Important examples
in this class include fluorescence-actuated cell sorters (FACS)
[41], fluorescence-based automated Sanger DNA sequencers
[42], and Raman spectrometers. Of course, we believe many
other applications and novel devices that never existed before
will start appearing due to the powerful optofluidic integration
and adaptation.
VII. CONCLUSION
We have demonstrated a novel microfabricated liquid DFB
dye laser on a monolithic PDMS chip. Stable single-mode op-
eration was obtained using a phase-shifted higher order Bragg
gating embedded in a single-mode microfluidic channel waveg-
uide. Its wavelength can be continuously tuned over a large
range with a simple mechanical deformation method. Due to
the higher order of the DFB grating in our devices, a single laser
is capable of generating tunable output covering the spectral
region from near ultraviolet to near infrared. Preliminary work
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on fluidic tuning showed promising results and monolithic inte-
gration with PDMS microfluidics was achieved. An integrated
multispectral DFB laser array was also demonstrated by replica
molding. Such laser arrays can be used to make highly parallel
multiplexed biosensors and scanning-less spectrometers on
a chip. It is important to note that these lasers are still not
stand-alone devices because an external gas pressure source and
an external pump laser are required. The gas pressure source can
be eliminated by using electrokinetically-driven flow, whereas
an external pump light will continue to be necessary for our
dye laser designs. For portable and inexpensive devices, visible
semiconductor lasers or bright LEDs can be used as the pump
source.
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